Directed cell migration is important for normal animal development and physiology. The process can also be subverted by tumor cells to invade other tissues and to metastasize. Some cells, such as leukocytes, migrate individually; other cells migrate together in groups or sheets, called collective cell migration. Guidance of individually migrating cells depends critically on subcellularly localized perception and transduction of signals. For collective cell migration, guidance could result from cells within a group achieving different signaling levels, with directionality then encoded in the collective rather than in individual cells. Here we subject this collective guidance hypothesis to direct tests, using migration of border cells during Drosophila oogenesis as our model system. These cells normally use two receptor tyrosine kinases (RTKs), PDGF/VEGF-related receptor (PVR) and EGFR, to read guidance cues secreted by the oocyte. Elevated but delocalized RTK signaling in one cell of the cluster was achieved by overexpression of PVR in the absence of ligand or by overexpression of fusion receptors unable to detect Drosophila ligands; alternatively, Rac was photoactivated centrally within a single cell. In each case, one cell within the group was in a high signal state, whereas others were in low signal states. The high signal cell directed cluster movement effectively. We conclude that differences in cell signaling states are sufficient to direct collective migration and are likely a substantial contributor to normal guidance. Cell signaling states could manifest as differences in gene expression or metabolite levels and thus differ substantially from factors normally considered when analyzing eukaryotic cell guidance.
Directed cell migration is important for normal animal development and physiology. The process can also be subverted by tumor cells to invade other tissues and to metastasize. Some cells, such as leukocytes, migrate individually; other cells migrate together in groups or sheets, called collective cell migration. Guidance of individually migrating cells depends critically on subcellularly localized perception and transduction of signals. For collective cell migration, guidance could result from cells within a group achieving different signaling levels, with directionality then encoded in the collective rather than in individual cells. Here we subject this collective guidance hypothesis to direct tests, using migration of border cells during Drosophila oogenesis as our model system. These cells normally use two receptor tyrosine kinases (RTKs), PDGF/VEGF-related receptor (PVR) and EGFR, to read guidance cues secreted by the oocyte. Elevated but delocalized RTK signaling in one cell of the cluster was achieved by overexpression of PVR in the absence of ligand or by overexpression of fusion receptors unable to detect Drosophila ligands; alternatively, Rac was photoactivated centrally within a single cell. In each case, one cell within the group was in a high signal state, whereas others were in low signal states. The high signal cell directed cluster movement effectively. We conclude that differences in cell signaling states are sufficient to direct collective migration and are likely a substantial contributor to normal guidance. Cell signaling states could manifest as differences in gene expression or metabolite levels and thus differ substantially from factors normally considered when analyzing eukaryotic cell guidance. D irected cell migration is important for many aspects of tissue formation during development as well as in physiology, for example in immune responses. For directional migration, cells interpret guidance cues in their environment and mount the appropriate spatially controlled responses. If the cues are gradients of soluble attractants or repellants, the process is also called chemotaxis (1) . For eukaryotic cells migrating as singular entities, guidance information is perceived and responded to with subcellular spatial resolution. This helps generate the front and back of a migrating cell or orient the front and back, or both, in a spatially appropriate manner (1) (2) (3) . Such responses have been extensively studied in tissue culture settings and shown to differ somewhat between cell types but they also display common properties such as localized activation of small GTPases like Rho and Rac (2, 4, 5) .
Under physiological conditions (in vivo), many cells migrate not as single entities, but together in groups or sheets as collective cell migration (6, 7) . It is of considerable interest to understand whether such collectives behave as a simple collection of single cells in terms of movement and guidance or whether the collective has additional properties. Sheet migration in tissue culture, reflecting wound closure and similar morphogenetic events, is the best-understood type of collective migration (8-10). The twodimensionality of the process allows good imaging and biophysical measurements to support modeling and new collective properties have been observed in this system (11) . In terms of directionality, sheet migration is mainly controlled by the presence of a free edge. A question then is whether guided collective migration, as in groups of cells responding to environmental cues by migrating to a particular place, has unique properties as well. Using border cells of the Drosophila ovary as an in vivo model, we have presented evidence that some guidance responses are mediated at the collective level (12, 13) .
Border cells delaminate from an epithelium and migrate invasively and directionally, as cohesive group (14) (Fig. 1A) . The border cell cluster consists of about eight cells, the central two of which are nonmigratory polar cells. Live imaging has revealed that the group is dynamic with frequent exchange of cell in the front position (12, 15) . Single cell speed appears to be constant during migration (16) , but net cluster movement ranges from efficient, sliding forward movement, to more inefficient and disordered forward movement, also described as tumbling.
Border cells are guided by ligands coming from the oocyte, including the PDGF-related Pvf1 and the TGFα-related Gurken. The two receptor tyrosine kinases (RTKs) PVR (PDGF/VEGF related receptor) and EGFR (17, 18) , detect the guidance cues and act redundantly. If both are disrupted, border cells do not find their way to the oocyte. PVR and EGFR control directionality of border cell clusters, but do not affect single cell motility (12, 15, 16) . Interestingly, recent experiments have shown that local activation of Rac can be sufficient to direct border cell migration (19) , just as it can direct individually migrating cells (20, 21) . Direct detection of activated PVR showed that it is locally activated, with highest signal at the front of the leading cell in the presence of the normal Pvf1 ligand gradient (22) . PVR activation was also elevated at the back of the rear cell. This enrichment at cell tips required RTK endocytosis and recycling (22, 23) , possibly via the exosome (24), but did not strictly require ligand. Thus, with respect to guidance signaling, the cluster reacts neither as one big cell, with the rear cell representing the back, nor as multiple fully independent cells. It is a collective where cluster topology influences signaling, cells affect each other physically, and signaling in one cell affects the behavior of another (19) .
In terms of guidance mechanism for the border cell group, we previously suggested that the guidance cues provide spatial information in two ways: by localized signaling as in single cells and by inducing different levels of RTK signaling in different cells (12, 13) . In the latter "collective" mode, different signal levels for cells of the group would encode the directional information. As cells are inward/outward polarized by the group interactions, this information can instruct net-directed movement (Fig. 1B, Upper) . We initially provided evidence that the collective mode contributed to border cell guidance (12) . Indirect support has also come from other systems, in that some cells need to be in a group to perceive and react appropriately to guidance information (25) . In
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This article is a PNAS Direct Submission. this study, we stringently test the principle of collective guidance and find that it is sufficient for guidance of a cell group.
Results
Guidance of Border Cell Clusters by a Single High PVR Cell Without Ligand. To determine whether a difference in signaling levels between cells would be sufficient to guide movement of a cell group, we decided to create border cell clusters deficient in normal guidance information and supply one cell with higher, but nonlocalized RTK signal. The collective guidance hypothesis predicts that this configuration should give directionality and the cluster should move in the direction given by this cell's position in the cluster (13) (Fig. 1B, Lower) . Within the framework of conventional guidance signaling, based on subcellularly localized signal perception and response, this nonlocalized signal should not give directionality.
To remove endogenous guidance information, we genetically removed Pvf1, the ligand for PVR in this context (18) . This has the same effect as complete removal of PVR from border cells (18, 23) . EGFR signaling was reduced by RNAi directed against Egfr in all border cells to bypass the earlier role of the key ligand Gurken (17) and render cells insensitive to other ligands as well (26) . These clusters show strongly attenuated but still measurable forward movement, possibly due to residual EGFR activity. In this background we sought to restore RTK signaling in a controlled and traceable manner. Direct measurement of PVR signaling activity has shown that overexpressed PVR autoactivates in the absence of ligand, but with abnormal spatial distribution (22) . Importantly, simultaneously increasing expression of PVR in all migratory border cells does not improve directed migration in the Pvf1 mutant background (16) . The instructive experiment was therefore to determine whether overexpression of PVR in one cell only, generating one high signal cell, would direct movement. To achieve this situation, PVR was tagged with GFP and mildly overexpressed in random single border cells (Methods). Because the position of the high signal cell would be random, the resulting cluster behavior was analyzed by live imaging (Movies S1, S2, S3, and S4). We found that cluster behavior was affected by the presence of one high signal cell and that the directional response depended on where in the cluster the high signal cell was located ( Fig. 1 C-E).
Initial qualitative observations showed that clusters in which the front cell had high signal initiated migration effectively (PVR-GFP positive in Fig. 1C and Movie S1). When the expressing cell was in the back, clusters might attempt to move backward but stayed within the egg chamber (Fig. 1D) . Some clusters took an abnormal route along the boundary of the egg chamber ( Fig. 1E and Movie S2). These behaviors were difficult to quantify properly due to the physical constraints at the boundary of the egg chamber and of the large nurse cells. For quantification, we used movies in which the cluster was inside the egg chamber (as drawn in Fig. 1A ) and measured movement in the x axis only, thus analyzing the least constrained movement ( Fig. 1F and example in Movie S3). For each time point, we determined the center of the cluster and the center of the PVR-GFP-expressing cell. The position of the positive cells was noted as front, back, or side quadrant and the movement of the cluster center to the next time point (2 min later) was measured (Fig. 1 F and G). The cluster was followed for as long as quality control allowed for a maximum of 2 h, with the cell position reevaluated at each time point. Control values from clusters without PVR-GFP expression showed some forward movement. However, the presence of a single PVR high cell had significant effects on net cluster movement: When the PVR high cell was in the front, the cluster on average moved more forward. When the PVR high cell was in the back, the cluster moved relatively more backward and when on the side, cluster migration was unaltered (Fig. 1G ). These results indicate that, even in the absence of ligand, one cell with a higher level of PVR signaling could direct the movement of the whole cell group.
Individual PVR high cells were quite active and some produced very prominent extensions that dynamically explored alternate directions ( Fig. 1H and Movie S4). Overall, clusters containing a PVR high were also dynamic and displayed disordered movement including cluster tumbling (Movie S3). Previous analyses showed that PVR, but not EGFR, could direct the efficient, sliding forward movement typical of the initial phase of border cell migration (16) . Also, overexpression of PVR in one border cell allowed this cell to stay in the front (12) and overexpression in all cells allowed whichever cell was in the front to stay there (16) . These effects all depended on endogenous (graded) Pvf1. More tumbling and less efficient forward cluster movement is normally seen as border cells approach the oocyte (16) . This phase is dominated by EGFR and appears to be more dependent on collective effects (12) . Net forward cluster movement is about 0.5 μm/ min and "persistence" (net speed cluster speed/single cell speed) only 0.3 (16) . Interestingly, a similar net cluster speed was observed in the present experiments when the single high PVR cell was in the front (Fig. 1G ). This may reflect the movement bias obtainable by collective guidance. In conclusion, PVR can direct persistent movement in a ligand gradient but PVR is also capable of steering, using the collective mode. The behavior of the migration group reflects the mode of guidance used.
Guidance Using "Ligand-Blind" RTK Fusions Expressed in One Border
Cell Fig. 2A) . (27) . To confirm the specificity in vivo, we exploited the fact that cooverexpression of guidance receptor and cognate ligand in border cells severely perturbs directed migration (18) . When expressed in border cells, hE-PVR and hE-EGFR responded strongly to coexpression of TGFα, but not to Pvf1 or Vein, ligands for Drosophila PVR and EGFR, respectively (Fig. 2B) . The fusions also did not rescue the defect in directional migration induced by expression of both dominant negative PVR and EGFR (DN-PVR + DN-EGFR in Fig. 2C ). The fusion receptors localized partly to the cell surface but mostly to intracellular vesicles as observed for EGFR (Fig.  2D) . Importantly, as for PVR (22) (Fig. 2E) , receptor autoactivation and signaling could be observed upon overexpression of hE-PVR (Fig. 2F) . These fusion receptors therefore had the characteristics needed to generate single border cells with high signal that mimicked signal from PVR or EGFR, but where this signal could not be modified by ligands present in the fly.
We first tested effects of single-cell expression of the hE-PVR fusion in the same genetic background used for PVR experiments. As for single-cell PVR expression, overall disordered, or tumbling border cell movements were observed in these clusters (Movie S5 and Fig. 2G ). More importantly, detailed quantification of cluster movement for each time point showed significant directive effects of the high signal cell, depending on the position of the cell (Fig.  2H) . Thus, in this mutant background, a ligand-blind fusion protein could control cluster movement in the same way as PVR.
The heterologous fusions also allowed us to investigate a situation in which all border cells expressed both dominant negative PVR and EGFR (DN-PVR + DN-EGFR). In this background, normal guidance was effectively blocked (Fig. 2I, control) . Clusters with only one cell expressing the fusion receptor were rare, but we were able to analyze a sufficient number of movies for hE-EGFR. We observed significant directional effects of hE-EGFR expression, depending on location of the expressing cell (Fig. 2I) . So even in the presence of both dominant negative PVR and EGFR, expression of an active but blind RTK fusion could steer group movement. This experiment also confirmed that the intracellular domain of EGFR could mediate the directional effects required in collective guidance. Finally, in both experimental setups using fusion receptors (Fig. 2 H and I) , the average net forward speed observed when a high signaling state cell was in the front was similar to that normally observed in the late phase of migration. Together, these experiments confirm that a cell with high RTK signal can direct cluster movement and that it can do so in the absence of graded guidance input.
Guidance by Photoactivatable (PA)-Rac Activated Centrally in One
Border Cell. As a final approach to testing the ability of cells with different signal levels to direct collective migration, we used the recently generated PA-Rac. This elegant tool is a genetically encoded, activated but caged form of the small GTPase Rac, which can be transiently uncaged to expose active Rac in a spatially controlled manner by a focused light beam (20) . Because the uncaging is transient, it also provides temporal control. Activation of PA-Rac was first shown to guide movement of single cells (20, 21) , as predicted from analyses of Rac function in the front of migrating cells (2) . Subsequent experiments showed that local activation of Rac was also sufficient to guide a whole border cell cluster in both wild-type and guidance-signaling defective backgrounds (19) . In the border cell cluster experiments, photoactivation appeared to be centered on the outer part of a cell (front of front cell or back of back cell). It is therefore not clear whether the observed effects are due to local activation of Rac within a cell or different levels of Rac activation in different cells, or both. To distinguish between these possibilities, we decided to redo the experiments but deliberately produce high Rac-activity cells without subcellular bias. This was achieved by activating PA-Rac centrally in a target cell (Fig. 3 A and C) . If such activation could steer a cluster, this would indicate that cell-based difference in level of Rac activity is sufficient to give directional movement of a cluster.
For these experiments, PA-Rac was expressed in all cells and visualized by its red fluorescent tag. The photoactivation region was limited to 4 μm diameter in the single confocal section used and was repositioned, as cluster movement required, to maintain activation in the middle of the target cell ( Fig. 3C and Movies S6, S7, S8, S9, and S10). Clusters were followed for 60 min and the final net movement in the x axis was measured for each experiment (Fig. 3B) . Photoactivation of the front cell had negligible effect in normal guided clusters (compare "front" to "no PA"; Movie S6), but activation in the middle of the back cell could drive net cluster movement backward (Movie S7). Thus, the endogenous guidance signals informing the front cell apparently could not be significantly improved by a nonlocalized increase in Rac activity, but could be balanced or even overridden by high Rac activity in another cell. In a separate set of experiments, we placed the center of the photoactivation spot in the part of the back cell opposite to its prospective leading edge (purple in Fig. 3 A and B and Movie S8). Again, back cell activation counteracted the endogenous forward dominance confirming that what matters is which cell is activated, not where in the cell activation occurs. In the guidance defective background (dominant negative PVR and EGFR), midcell activation of the front cell or back cell promoted forward movement or backward movement of the cluster, respectively ( Fig. 3B and Movies S9 and S10). These experiments confirm that differential cell-based signaling states-in this case providing one cell with a higher level of active Rac overall-can effectively guide migration of a cell group.
Discussion
The experiments presented in this study show that one cell within a group with elevated signaling level, i.e., in a signaling state different from the other cells, can direct group migration. This means that the collective guidance mode proposed previously (12, 13) is sufficient to guide group movement in vivo. The average directional bias observed when a high signal cell expressing PVR or hE-PVR was in the front was similar to that seen during normal late phase of migration (16) . Also, the effect achieved by activation of Rac-PA in the middle of a cell (Fig. 3) was both qualitatively and quantitatively similar to those obtained previously by activation of Rac at the edge of the cluster (19) . Thus, cell-based signaling differences can give functional outputs that are quantitatively similar to that achieved by normal guidance. Although this does not preclude additional contributions from local reactions to guidance cues, it indicates that, at least in this case, collective information is likely a major contributor to guidance.
The key significance of cell-based or collective guidance is that it changes our view of what guidance information is. Allowing differences at the whole cell level to transmit spatial information means signal transduction mechanisms in addition to those normally associated with guided cell migration have to be considered. in different scenarios, with SD indicated. For each photoactivation (PA) scenario, five to seven movies were analyzed. Differences between mock and rear cell activation and, for DN-PVR+DN-EGFR, between mock and front cell activation were statistically significant (P < 0.01). Genotypes: UAS-mCherry-PA-RacQ61L/+; slbo-Gal4/+ (Rac-PA, Movies S6, S7, and S8) and UAS-mCherry-PA-RacQ61L/UAS-DN-PVR, UAS-DN-EGFR; slbo-Gal4/+ (Rac-PA in DN-PVR+DN-EGFR, Movies S9 and S10). (C) Example where Rac photoactivation in the middle of a back cell causes the cluster to move backward between two nurse cells (stills from Movie S7). The transmission image is combined with red fluorescent channel (Rac-PA-Cherry expression); the selected cell is outlined and the actual photoactivation area is indicated in green.
For example, difference in gene expression, in level or state of a small diffusible protein or even in levels of metabolites may provide directional information. In conventional eukaryotic guidance characterized in single cells, based on localized signaling, such mechanisms are not possible as the spatial information is lost.
How might whole-cell-based features of migratory cells be modulated in such a way that directional group movement results? The high signal cell could be more prone to making cellular extensions that reach outward from the cluster and grab the substrate. Its extensions might also be more productive by adhering better to the substrate and generating more force. Both extension formation and productivity of extensions have been shown to be guidance regulated in this system (16) . For technical reasons, it is not feasible to do the detailed quantitative analysis required to reveal how each of these features are affected by the manipulations performed in this study. However, when considering cellular mechanisms, the key point is that guidance information serves as a bias acting on a group of cells, each of which intrinsically polarized due to the geometry of the cell-cell interactions within the group (illustrated in Fig. 1B) . So, whereas the guidance information is cell based, the outputs can be local.
In addition to the guidance input, differences in behavior between cells may also be accentuated by inhibitory interactions. In experiments with PA-Rac, activation in one part of the cluster was shown to negatively affect extensions from another (19) . Inhibitory interactions may be signaling effects, for example through Delta/ Notch signaling (28, 29) , Eph/Ephrin signaling (30, 31) , or other pathways. The cell-cell interactions could also be based on mechanically transmitted information. The border cell cluster displays what appears to be considerable cell cohesiveness within the migrating group, which would be expected to reflect some mechanical coupling. Cluster cohesiveness is likely one determinant of how much collective behavior dominates in a group. However, in less cohesive groups such as Xenopus neural crest cells, cell-cell interactions can also control directionality of movement (31) . Thus, collective guidance effects appear not to be restricted to the most cohesive cell groups.
Cell migration is a dynamic process. Border cells continuously exchange places, including the lead position (12, 15) . Interestingly, exchange of cells in the lead position was also recently observed when sprouting angiogenesis was analyzed by live imaging (29) . Dynamics in cell positions within a migratory group can be viewed as a reflection of the probing nature of the guidance process at the group level, not unlike regional dynamics in individually migrating cells. Dynamic border cell groups are seen under normal conditions and also when guidance signals are reduced (12, 15, 16) . The group can be "locked" into a sliding mode with high level of graded and polarized PVR signaling (16, 22) . This suggests that, mechanistically, group dynamics could require decay or inactivation of guidance signaling or outputs. The group is not locked by simply biasing one cell with higher PVR signaling level (this study). Thus, highly polarized dominant guidance signals may be uniquely refractory to this inactivation, highlighting additional differences in the modes of guidance.
It is clear that individual cells can be guided, in vitro and in vivo, by localized signaling effects. This is exquisitely displayed during the efficient directional movement by cells of the immune system (32, 33) . For border cells (22, 23) , and for other cells that migrate collectively (34, 35) , localized signaling also occurs and contributes to directional movement. So why is collective guidance used, when a well-functioning single cell guidance system exists? One broad rationale could be that multiple informationgathering systems are better than one for ensuring biological robustness. Also, the cell-state-based measurements used in collective guidance may allow averaging of signal input over larger areas or longer timescales. This may be relevant during morphogenesis of complex systems. More specific explanations could include the possibility that some receptor/ligand pairs are well placed for providing directional information in the tissue but not well suited for subcellularly polarized signals. Drosophila EGFR seems to be one such example (16, 17) . Overall, the cell biology of guidance responses acquires an addition dimension in collective migration as these cells interact with each other as well as with their substrate and environment. Collective guidance is an emergent property of this added dimension.
Methods
Fusions Constructs. PVR and EGFR were tagged by introducing an XbaI site in place of the stop codon and inserting 6xGly linker and GFP. For hE-PVR-GFP and hE-EGFR-GFP, an NcoI site was placed after the transmembrane coding sequence of human EGFR and of PVR (for EGFR the endogenous NcoI site was used) and the domains exchanged. Constructs were cloned into pUAST-attB, with attP landing site at 86Fb used, and pUAST (a random integration for one set of UAST-PVR-GFP experiments). To reduce Egfr expression in all border cells, slbo-flipout-EGFR-RNAi was constructed: a 550-bp fragment was amplified using primers TAGCTCTAGAGCGACTGGAGGTGTTCTC and TAGCTC-TAGACTCCTGGCAGTGATCTG (extracellular) and cloned into pWIZ (36) tail to tail. The 2.6-kb slbo border cell enhancer (37) was inserted in HindIII and EcoRI of pUAS-attB, the EGFR inverted repeats cloned into AvrII site, and flipout lacZ cassette (38) inserted into Asp718 site in forward direction. For transgenics, the attP landing site at 51D was used. After imaging, standard Xgal staining was performed and only egg chambers with complete removal of the lacZ cassette were used.
Genetics and Analysis of Fixed Samples. For border-cell-specific expression, slbo-Gal4 (37) or c522 (Bloomington) were used. The Pvf1 1624 mutant background, EPg-Pvf1 and EPg-Vein and dominant negative EGFR and PVR were described previously (18) . After hs-FLP mediated excision, slbo-flipout-EGFRRNAi gave migration defects like DN-EGFR (17), but weaker. Human TGFα was cloned with a C-terminal HA-tagged into pUAST. UAS-mCherry-PA-RacQ61L (UAS-PA-Rac) is described in ref. 19 and expression was driven with slbo-Gal4, alone or with UAS-DN-PVR and UAS-DN-EGFR. Fixed sample staining and analysis was done as described previously (18, 22) . Detailed genotypes are given in legend to Figs. 1-3 and Movies S1, S2, S3, S4, S5, S6, S7, S8, S9, and S10.
Live Imaging for Single-Cell RTK Expression and Image Analysis. Females within 24 h after eclosion were heat shocked for 30 min at 37°C and dissected for imaging after 2 d. Live imaging was done as previously described (12, 16) . Images were acquired by confocal microscopy (SP5; Leica) with a 63× objective, sections 2.5 μm apart, covering the cluster every 2 min for up to 2 h. Only fully detached clusters, at stage 9 and with only one GFP positive cell were analyzed. Images were processed with ImageJ and customized macros. Egg chambers were realigned by the stackreg plug-in (39) using transmission images, which also corrected for the slight backward substrate movement (16) . The center of the cluster and the GFP-expressing cell were manually tracked. For position of the expressing cell, a line was drawn from its center to the center of the cluster and the angle defined relative to the x axis. Front was defined as 0°± 45°, back as 135°-225°, and the rest as side. Each analysis was done per time frame and cluster speed (x axis movement of the center of the cluster) measured to the next time frame. For statistical significances in speed differences, t tests were used. The variances of data were tested by f test. If they were unequal, Welch's t test was used. If not, Student t test was used. P values were from the two-tailed test.
Rac-PA Experiments. Rac-PA experiments were done by slight modifications to published setup (19) and methods above except for no FM4-64. Argon and DP561 laser intensity were set for 50% power. To photoactivate, the 458-nm laser line was set at 10% intensity and a 4-μm circular spot in a single Z plane defined as the region of interest (ROI) and was scanned 25 times at 200 Hz. Then red (573-667 nm) and transmission image (DIC) were collected followed by a pause. Photoactivation cycles 80 s apart were continued for 1 h, with the ROI manually moved to keep it within the cell and close to the cell center, with a slight inward bias. For deliberate inward bias, only movies the PA spot was centered in the inner half of the cell at all time points were used. Speed was calculated as the distance of the center of the cluster (toward oocyte) between first and last frame divided by the time elapsed; statistical analysis was as above.
